Coppiced Eucalyptus globulus trees with 18 years of age and in a second rotation were analysed in relation to wood and bark density in a spacing trial with five initial plant densities. A total of 25 stumps, with a variable number of stems per stump, from one to three, were analysed. A comparison was made to the previous first rotation single stem trees, also harvested at 18 years of age. The average wood basic density at breast height of the eucalypt coppiced trees was 567 kg m . The mean bark density was comparable to the bark density in the first rotation. The average bark content was 17.4% of the stem volume, providing 25 to 52 ton ha -1 . Compared to the first rotation, the average tree volume in the coppice was lower because the individual trees were smaller by 40 to 66%, while the estimated volume production per ha of the coppice was 1.1 to 1.8 times more due to the increased number of trees that were left in each stump.
Introduction
Wood density is an important property when assessing the raw material quality for pulping since it affects pulp yield and other aspects of the pulp and papermaking processes, as well as the economics of forest production and mill processing. Most breeding programmes have therefore taken wood density as one of the determining selection criteria. This has been the case of eucalypts used for the pulp industry, for which the breeding traits have included wood density in addition to those related to tree growth (Borralho et al. 1993 , Greaves et al. 1997 , Stackpole et al. 2010 .
Eucalyptus globulus is extensively cultivated for the pulp and paper industry in temperate regions due to its fast growth, good stem characteristics and exceptional pulping quality (Pereira et al. 2010) . In Europe, E. globulus plantations exist mainly in Portugal and Spain, where they cover approximately 1.3 million ha. Portugal was the first country to have pulp mills that were based on E. globulus plantations, in addition to developing a dedicated eucalypt silviculture (Alves et al. 2007) .
The plantations are managed as a coppice system, with a first cycle of single-stem trees (first rotation) followed by two or three coppice cycles until the final harvest, stump removal and replanting. The species regenerates easily through stump coppice after harvesting. Since the coppice regrowth benefits from the established root system, the coppice rotations without replanting are advantageous, provided that the first rotation was well established and the stump regrowth was sufficient (Higgins & Brown 1984 , Little & Gardner 2003 . In the usual practice, a selective thinning of the sprouts is carried out in the beginning of the coppice cycle to maintain or increase the stand density up to about 20% (Tomé et al. 2001 , Soares et al. 2004 .
The wood quality of E. globulus single stem trees has been extensively studied, including wood density and its variation within the tree or site, as compiled in Pereira et al. (2010) . At the age of harvest for the pulp industry in the temperate regions (10-14 years), E. globulus wood basic density varies in the range 470-650 kg m -3 and selection for improved dry weight production is therefore made in on-going improvement programmes (Borralho et al. 1992 , Valente et al. 1992 , Pereira et al. 2010 . Most pulp mills adopt 650 kg m -3 as the upper limit for the eucalypt wood density to avoid liquor impregnation problems and pulping heterogeneity.
However, there is very little information on the quality of coppiced wood and the differences in relation to the previous single-stem rotation. Information on the influence of silvicultural practices on the technological quality of coppiced trees is also particularly sparse. Sharma et al. (2005) investigated non-coppiced and coppiced wood of E. tereticornis and concluded that the wood quality of both is comparable, which means they can be used for the same purposes. However, as regards wood density, the few studies available report a decrease of wood density in the coppiced trees. Schonau (1991) found that wood density of coppiced trees of E. grandis was lower than that of their parent trees, and Sesbou & Nepveu (1991) confirmed that the first cutting decreased the basic density in E. camaldulensis. Zbonak et al. (2007) found the same in clones of E. grandis, E. grandis x E. urophylla and E. grandis x E. camaldulensis, for which the wood density of the parent trees was higher than that of the coppiced trees. Zobel & Van Buijtenen (1989) reported that the properties of coppiced wood were different from those of the original trees, namely they had a lower density.
The objective of the present study is to provide insight on the stem quality of coppiced E. globulus trees in a second rotation regarding the wood density and its variation within the tree, as well as of bark density, and to analyse the effect of the initial planting density (i.e., stump density) by using a spacing trial for the study. It is also an objective to compare data on wood density, tree volume and stand productivity of the coppice with the first single stem previous rotation, since this data is available from previous studies (Miranda et al. 2003 (Miranda et al. , 2009 ). This will allow for estimating changes between the two cutting cycles and therefore better adapt the silvicultural management.
Material and methods

Field sampling
Eucalyptus globulus Labill. trees were harvested at 18 years of age, at the end of the second rotation from a spacing trial located in the site of Alto do Vilão, Furadouro (centre of Portugal, 10 km from the Atlantic Ocean -39° 20′ N, 9° 15′ W, 50 m a.s.l. ) and 5×4
(500 trees ha -1 ). The blocks are located side by side and the spacings are distributed according to decreasing density in one of the blocks and the opposite in the other block.
The trial was harvested in March 1993, at 18 years of age, as the first rotation, and the stumps were left to sprout for a second rotation cycle. The thinning of the shoots took place in October 1995, 2.6 years after harvest, following the usual practice of leaving shoots with dimensions comparable to those of the first rotation of the same age (Soares et al. 2004) . This led to a variable number of shoots per stump. The end of the second rotation was in 2008, at 18 years of age, when the trial was harvested. Before harvest, the diameter at breast height (dbh) and the total tree height were measured.
Sampling was conducted in a total of 25 stumps by randomly selecting five stumps in each spacing plot. As described, the stumps had a variable number of stems; seven stumps with three stems/stump, six stumps with two stems/stump, and 12 stumps with one stem/stump. From each sampled tree, 10 cm thick discs were cut at different stem heights: base, 1.30 m and every 2 m along the stem until the top, corresponding to a 7 cm diameter.
Measurements
The wood and bark were separated. Estimates of basic density were obtained using the water immersion method by determining the green saturated volume and the oven-dry weight (TAPPI Test Method -T258 om 98, TAPPI Press, Atlanta, GA, USA). The influence of the initial planting density and stump density on wood density at breast height was studied using a one-way ANOVA analysis. Statistical analysis was conducted using the software package SIGMASTAT © for Windows Version 2.0 (Jandel Corporation, San Jose, CA, USA), with α = 0.05.
Comparison with first rotation data
The trees harvested in the second cutting had been also measured at the end of the previous first cutting, therefore allowing for direct comparison between the two rotation cycles, since the trees were 18 year old in both cutting cycles. At the harvest of the first rotation of this trial, the overbark diameter at 1.3 m above the ground and the tree height were determined and the wood basic density was measured at dbh (Miranda et al. 2003) . These values were compared to those obtained for the same stumps in the second rotation.
For comparison of tree and stand volume production between the two cutting cycles, the individual tree total volume was calculated for the first and second rotations using the volume equation model developed for E. globulus in Portugal by Tomé et al. (2007) based on dbh and total tree height (eqn. 1):
Bark volume was calculated as the difference between the tree and stemwood volumes.
Results and discussion
Wood basic density
Tab. 1 gives the mean values of wood basic density at dbh for the Eucalyptus globulus trees in the second cutting cycle, as coppiced stems from the five stumps per spacing, in addition to the same data published for the first rotation (Miranda et al. 2003) .
The average wood basic density at breast height for all the eucalypt coppiced trees was 567 kg m -3 , ranging from 553 to 597 kg m -3 among spacings. For the same trees at 18 years of age in the first rotation, the range of wood density was between 563 and 594 kg m -3 , with an average of 582 kg m -3 (Miranda et al. 2003) . These values are within the range (425-668 kg m -3 ) reported for the wood basic density of E. globulus trees at harvest age for pulping of 9-15 years in the first rotation (Ona et al. 1998 , Miranda et al. 2001a , 2001b , Quilhó & Pereira 2001 , Raymond & Muneri 2001 , Callister & England 2010 , Hamilton et al. 2010 , Stackpole et al. 2010 ).
The differences in wood density between the coppiced and the single stem trees were of a small magnitude. On average, the wood from coppiced trees was 2.5% less dense than that of the single stem trees. The difference was statistically significant (P=0.039) only for the 3×3 m spacing (Fig. 1) .
A few studies on Eucalyptus species also reported very small differences in wood density between the seed-and sprout-originated trees. A decrease in basic density was reported in E. tereticornis coppice (696 kg m -3 for coppice and 710 kg m -3 for noncoppiced trees - Sharma et al. 2005) . Sesbou & Nepveu (1991) found that the basic density of coppice material in E. camaldulensis was 5% less dense than that of the first rotation material (502 and 527 kg m 
Wood and bark density variation with spacing in Eucalyptus coppices
E. bicostata, E. globulus and E. viminalis, and found that eucalypt coppice wood was 8% less dense.
An effect of stump density on the wood basic density was found (P = 0.036), though the differences were statistically significant only between the widest (4×4) and the closest (3×3 and 3×2) spacings. The between-tree variability in each spacing was small, with coefficients of variance of the means below 5% in all cases. However, the stand density did not significantly influence wood density in the first rotation (Miranda et al. 2003) .
Wood density did not show a correlation with growth rate, as measured by tree diameter (R² = 0.0154, P = 0.433), confirming previous reports that growth rate is not correlated with wood density in E. globulus (Miranda et al. 2001a , 2001b , Quilhó & Pereira 2001 . also reported this lack of relationship between growth rate and wood density for E. globulus.
The axial variation of the wood basic density showed in all cases a similar profile in the coppiced trees, increasing along the stem from 581 to 636 kg m -3 , respectively at the base and top (Fig. 2) . Initially the wood density declined from stump level to breast height level and then gradually increased until 11.3 m and then slightly decreased. The vertical pattern of basic density variation was similar across all spacings. For eucalypts, the predominant trend is a reduction in density from the base of the stem to 10% of the total tree height, followed by a progressive increase in density, as has been described for E. globulus (Downes et al. 1997 , Raymond & Macdonald 1998 , Clark 2001 , Quilhó & Pereira 2001 , Raymond & Muneri 2001 , Igartúa et al. 2003 , Hamilton et al. 2007 , Callister & England 2010 .
Bark content and density
The bark content in 18-year-old E. globulus coppiced trees represented, on average, 17.4% of the total stem volume, while for the first rotation at the same age, the average bark content was somewhat smaller, at 13.8% (Tab. 2). Both values are consistent with the few available studies: 15.2% of bark content for 7-and 11-year-old E. globulus trees (Ramírez et al. 2009 , Miranda et al. 2012 , values between 13.6% and 15.9% in 4-year-old E. grandis (Sansígolo & Ramos 2011) , and 20.2% for E. urophylla at seven years of age (Jesus et al. 1988) .
The bark density at breast height was, on average, 473 kg m . Within each spacing, no significant differences in bark density were found (P = 0.269).
Very few data exist on E. globulus bark density. Quilhó & Pereira (2001) Tab. 2 -Biometric data for Eucalyptus globulus trees grown with different planting densities in the second cutting cycle as coppiced trees, as well as data published for the first rotation (Soares et al. 2004) . The values refer to five stumps per spacing. Mean values and standard deviation are reported. 14.4 ± 0.5 13.4 ± 2.5 14.0 ± 0.7 13.8 ± 0.7 13.4 ± 1. range from 302 to 454 kg m -3 in 12-year-old E. globulus trees. Macfarlane & Adams (1998) , for 6-year-old E. globulus from two sites, found values of 397 and 401 kg m -3 , and Farrington et al. (1977) reported 370 kg m -3 for 2-to 6-year-old E. globulus trees. It is expectable that bark density will increase with tree age, as the present study shows, due to the evolution of bark anatomy with age, e.g., the increase of sclerified cells and collapsed phloem (Quilhó et al. 1999) .
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Wood and bark production
Tab. 2 summarizes the production data for the E. globulus trees in the second cutting cycle, as coppiced stems from the five stumps per spacing, for individual tree volume, volume per stump and production values per hectare in volume and dry weight of wood and bark. As referred above, the stumps had a variable number of trees, from one to three, thus the mean volume per stump was derived from the sum of its individual stems. A comparison of volume production with the first rotation is shown in Fig. 4 using a 2nd:1st rotation volume ratio.
The average tree volume in the coppice was lower than in the first rotation because the individual trees were smaller by about 40 to 66% (Tab. 2). However, when the comparison is made at the stump level, the tree volume obtained per stump was similar to the volume obtained by the single parent tree. At the stand level, considering the estimated volume production per ha, the coppice crops produced 1.1 to 1.8 times more than the original parent trees (Fig. 4) due to the increased number of coppiced trees in each spacing.
Stand density was an important factor in stand productivity during the first rotation. In the closest spacing of 3×2 m, the trees were smaller and increased regularly with the widening of the spacing, until the 4×5 m spacing, respectively 0.32 m 3 and 0.67 m 3 . However, the tree dimensions did not compensate for the difference in the number of trees in the different spacings, and the volume production per ha was highest in the 3×2 spacing (666.8 m 3 ha -1 ) and lowest in the 4×4 (300 m 3 ha -1 ) and 4×5 (320 m 3 ha -1 ) spacings. On the contrary, the spacing effect in the second rotation was not observed at tree level. This shows that a coppiced stand somewhat loses the effect of the initial planting density and has a more irregular space occupation by the tree crowns, probably in relation to the specific local situation, i.e., the number of stems per stump. In fact, the tree stand density changed between the two rotations due to the variable number of sprouts that were left in each stump. The between-stump variation was lower for the closest 3×2 spacing, while all other spacings had a more irregular tree distribution (data not shown).
In coppiced eucalypt plantations, it is usually assumed that peak production occurs in the second rotation, as a result of the favorable effect of a fully developed root system, and explaining the faster initial growth of shoots as compared to that of seedlings (Miller & Kauffman 1998) . Sims et al. (1999) also found that total biomass yields of the coppice harvest were significantly higher compared to the single stem harvest of 19 Eucalyptus species after six years of growth. The present study shows that this is certainly true, and for the initial spacing of 3×2 m, there was an increase of production of 76% as compared with the first rotation (Fig. 3) . For the 4×3 spacing, the production increase was 42%. However, for the other spacings, the production increase was not so high (e.g., by 9.5% for the 4×5 m spacing) and certainly depended on the number of sprouts left in each stump, as already discussed. This highlights the importance of the sprout thinning operation.
The average stem bark content, in percentage of stem volume, was 17.4%, providing 25 to 52 ton ha -1 of bark respectively for the widest (4×5 m) and closest spacing (3×2 m). Macfarlane & Adams (1998) 
Conclusions
The wood of coppiced Eucalyptus globulus trees in the second cutting cycle was 2.5% less dense than that of the single stem trees in the first rotation. The betweentree variation was low and the within-tree pattern of axial variation was similar for all trees, with an increase from base to top. The wood density was not influenced by tree growth, but it was lower in the trees of the closest spacing. The bark density from Eucalyptus globulus trees in the second cutting cycle was similar to that of the single stem trees in the first rotation. The stand production of the coppice, in relation to the single stem, depends on the number of sprouts left on the stump, and therefore on the sprout thinning operation. In all cases, the stand production of bark was higher for the coppice.
Overall, the differences between the first and second cutting cycles refer to individual tree volume and stand productivity, which are largely dependent on the stand density resulting from the number of sprouts left per stump. The silvicultural operation of coppice thinning should take this into account. iForest 9: 270-275 
